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Vanadium speciationAbstract A kinetic determination of V(V) as a catalyst was spectrophotometrically performed by
using the indicator reaction of Gallamine blue (GB+) and bromate at pH 2.0. The reaction was fol-
lowed by measuring absorbance change for a ﬁxed-time of 3 min at 537 nm. The variables such as
reagent concentration, pH, buffer concentration, ionic strength and temperature were optimized to
improve the selectivity and sensitivity. Under the optimized conditions, the determination of V(V)
was performed in the range 1–100 lg L1 with limits of detection and quantiﬁcation of 0.31 and
0.94 lg L1. The developed kinetic method is sufﬁciently sensitive, selective and simple. It was suc-
cessfully applied to the speciative determination of total V and inorganic dissolved vanadium spe-
cies, V(V) and V(IV) in environmental water samples. The oxidizing property of permanganate is
used to differentiate between V(IV) and V(V) species. The V(IV) content was found by subtracting
the V(V) content from those of total V. The recovery is above 95% for V(V) spiked samples. Addi-
tionally, the accuracy was validated by analysis of a certiﬁed water sample, CRM TMDA-53.3, and
the results were in good agreement with the certiﬁed value.
 2012 Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Vanadium is an essential trace element due to its signiﬁcant
role in environment and physiological systems, involving par-ticipation in different enzymatic reactions as an inhibitor and
cofactor (Crans et al., 1990), catalysis of the oxidation of var-
ious amines and normalization of sugar levels (Thompson
et al., 1999). Vanadium is used widely in industrial processes
including the production of special steel, temperature-
resistant alloys, glass, pigments and paints, and for lining arc
welding electrodes and as a catalyst. Vanadium compounds
released in large quantities, mainly by burning fossil fuels
and also from various industrial processes, are precipitated
on the soil drained by rain and groundwater and can be
directly adsorbed by plants (Pyrzynska and Wierzbicki,
2004). Dissolved vanadium generally exists in natural waters
in two oxidation states, as vanadium(IV) and vanadium(V)
(Wang and Wilhelmy, 2008), while vanadium(V) is more toxic
S14 R. Gu¨rkan et al.than vanadium(IV) (Taylor and Staden, 1994). Therefore, it is
important to monitor the concentration of individual oxida-
tion form and total vanadium in the environment for evaluat-
ing both the potential risk and beneﬁts. The concentration of
vanadium in water is largely dependent on geographical loca-
tion and ranges from 0.2 to >100 lg L1 in freshwater
(Committee on Biologic Effects of Atmospheric Pollutants,
1974), from 0.2 to 29 lg L1 in seawater (Waters, 1977), and
from about 0.2 to >100 lg L1 in drinking water (Vouk,
1979), typical values being between 1 and 6 lg L1 (Davies
and Bennett, 1983).
Various analytical methods have been reported for the spe-
ciation and quantiﬁcation at trace levels of vanadium in
diverse samples. These techniques include; spectrophotometry
(Kumar et al., 2007; Filik et al., 2004), ﬂow injection spec-
trophotometry (Wei et al., 2008; Nakano et al., 2003), and
spectroﬂuorimetry (Rama et al., 2005), air-segmented continu-
ous ﬂow analysis (Okamura et al., 2001), potentiometry
(Umetsu et al., 1991), cathodic stripping voltammetry (Vega
and Berg, 1994), thermometry (Mateu et al., 1994), ﬂame
and electrothermal atomic absorption spectrometry (Filik
et al., 2008; Thomaidis and Piperaki, 1996), X-ray spectroﬂu-
orimetry (Civici, 1995), inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) (Abbasse et al., 2002a,b),
inductively coupled plasma mass spectrometry (ICP-MS)
(Yang et al., 1996), capillary zone electrophoresis with UV
detection (Jen et al., 1997), and liquid chromatography
(Shijio et al., 1996). Some of these methods are sensitive and
accurate but are expensive and time-consuming and require
skillful operators. Various comprehensive reviews have also
been reported in the literature addressing recent trends in the
speciation and determination of vanadium in environmental
and biological sample matrices, including important analytical
aspects such as sample clean-up, preconcentration and method
development (Pyrzynska and Wierzbicki, 2004; Amorim et al.,
2007; Chen and Owens, 2008). Additionally, the relatively high
instrumental cost and need for preconcentration, chromato-
graphic separation, extraction or coprecipitation are common
disadvantages. Kinetic methods of analysis based on catalyzed
or uncatalyzed reactions have been applied to trace analyses
for vanadium determination because of their extremely high
sensitivity. On the other hand, among the most important
kinetic methods, catalytic methods are very well known
because of their simplicity, sensitivity, selectivity and low cost
of instrumentation (Chakrabarti, 1995; Sharma, 1982;
Agnihotri et al., 2000; Melwanki and Seetharamappa, 2000).
These methods are based on vanadium catalytic properties
concerning the oxidation of certain organic compounds.
There are the recently published other reports (Leon-
Camacho et al., 1991; Wang and Zhang, 1997; Pyrzynska,
2005; Safavi et al., 2000; Absalan and Alipour, 2003;
Pouretedal and Keshavarz, 2006; Ensaﬁ et al., 1999; Balaji
et al., 1998; Sikalos et al., 2000; Liu et al., 2004; Zhou et al.,
2007; Mastoi and Khuhawar, 2007; Abbaspour et al., 2007;
Zhai et al., 2008; Ulusoy and Gu¨rkan, 2009; Ji et al., 2010;
Keyvanfard and Abedi, 2010; Shishehbore and Jokar, 2011;
Gu¨rkan and Gu¨rkan, 2011) on the kinetic catalytic determina-
tion of vanadium, V(V) or V(IV) as catalyst using spectrophoto-
metric and phosphorimetric methods based on the oxidation of
various organic dyes with bromate, iodate and hydrogen perox-
ide in the presence or absence of activators. However, among
the several analytical techniques for the determination ofvanadium, spectrophotometric methods are quite popular due
to their simplicity and low-cost instrumentation. Various
attempts have been made to modify these methods in order to
improve their sensitivity and selectivity. The present work
describes a simple, accurate and reproducible kinetic spec-
trophotometric method with good selectivity and sensitivity
for the determination of V(V) using its catalytic effect on the
oxidation of Gallamine blue by bromate at pH 2.0 and 537 nm.
2. Experimental
2.1. Reagents and chemicals
Double-distilled water and analytical purity chemicals were
used during experiments. 6.39  104 M of Gallamine Blue
(GB+) (Chroma) solution was prepared by dissolving 0.025 g
of dye in water. 0.1 M of KBrO3 (Merck) solution was pre-
pared by dissolving it in water. Vanadium (IV) standard solu-
tion (1000 mg L1) was prepared from vanadyl sulphate,
VOSO45H2O (Merck). Vanadium(V) standard solution
(1000 mg L1) was prepared from ammonium metavanadate,
NH4VO3 (Merck). Working solutions of V(V) and V(IV) were
prepared by diluting stock solutions with water sequentially.
Additionally, pH 2.0 phosphate buffer solution was prepared
by using 0.2 M NaOH and 0.2 M H3PO4 solutions and moni-
toring the pH of the mixture with a pH meter. All stock solu-
tions were stored in polyethylene containers. All labware used
for handling solutions were cleaned with detergent solution,
soaked in 1:1 (v/v) HCl, followed by vigorous shaking, rinsed
thoroughly with deionized, distilled water.
2.2. Instrumentation
In this study, UV–Visible Spectrophotometer (Shimadzu
UV1800-PC) equipped with the constant temperature cell
holder. A water bath with a thermostat (Nu¨ve NF 120) (oper-
ating in the range 20–100 C) was used to control the temper-
ature of reaction environment. A stopwatch was used to record
the reaction time.
2.3. General procedure
Reaction rate was monitored at 537 nm by using the ﬁxed-time
method of 3 min with measuring spectrophotometrically the
change in absorbance of reaction mixture. A portion of a sam-
ple solution containing V(V) was added to a volumetric ﬂask
of 10 mL. Then, 2 mL of pH 2.0 buffer solution and 1.0 mL
of 6.39  104 M GB+ were added to ﬂask. The solution
was diluted to approximately 8 mL with water. Then 1 mL
of 0.1 M KBrO3 was added and the solution is diluted to
10 mL with water and thoroughly mixed. The absorbance
change for catalyzed reaction (DAC) was calculated by using
absorbance difference at a ﬁxed-time of 3 min. A reagent blank
without V(V) for uncatalyzed reaction was prepared to obtain
absorbance changes (DA0). The net reaction rate or analytical
signal, (D(DA): DAC  DA0) was calculated from the difference
in absorbance changes at ﬁxed-time of 3 min. A calibration
graph was prepared by plotting the net analytical signal (DAC -
 DA0) against V(V) concentration. All solutions were also
pre-incubated in a water bath thermostated to 30 ± 0.1 C
prior to absorbance measurements.
Figure 1 The change of absorbance of GB+ with increasing V
(V) concentration by using the ﬁxed-time method of 3 min at 30 C
and 537 nm under the optimized conditions: (a) 2 mL pH 2.0
buffer solution, 1.0 mL of 6.90  104 M GB+. (b) 2 mL pH 2.0
buffer solution, 1.0 mL of 6.90  104 M GB+ and 1.0 mL of
0.1 M KBrO3. (c) 2 mL pH 2.0 buffer solution, 1.0 mL of
6.90  104 M GB+, 25 lg L1 V(V) and 1.0 mL of 0.1 M KBrO3.
(d) 2 mL of pH 2.0 buffer solution, 1.0 mL of 6.90  104 M
GB+, 50 lg L1 V(V) and 1.0 mL of 0.1 M KBrO3. (e) 2 mL of
pH 2.0 buffer solution, 1.0 mL of 6.90  104 M GB+, 75 lg L1
V(V) and 1.0 mL of 0.1 M KBrO3 in ﬁnal volume of 10.0 mL.
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Figure 2 Effect of pH on analytical signal under the optimized
conditions: pH 2.0, 1.0 mL of 6.39  104 M GB+, 1.0 mL of
0.1 M KBrO3 and 25 lg L
1 V(V) for ﬁxed-time of 3 min at room
temperature and 537 nm.
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Before analysis, rainwater, stream water and lake water sam-
ples were ﬁltered through 0.45 lm membrane ﬁlters after col-
lecting them and stored in refrigerator at 4 C. The pH of
ﬁltrates was acidiﬁed by using 6 mol L1 HNO3. For tap
water, the sample was collected after discharging tap water
for about 30 min and boiled for 5 min to remove free chlorine.
These sample solutions were acidiﬁed by adding nitric acid of
6 mol L1 to pH about 1.0–1.5. In order to control the possible
effect of interfering ions such as Fe(III), Hg(II), Cu(II), Cr(VI)
and nitrite their interfering effects were removed by either add-
ing a suitable complexing agent like EDTA, NaF and sulfamic
acid to the reaction media or using a strongly cation-exchange
resin after reduction of Cr(VI) to Cr(III) with ascorbic acid at
the known concentration if necessary before detection of V(V)
ions. In addition, the certiﬁed reference material, TMDA-53.3
was employed without any pretreatment process. Based on the
kinetic method and FAAS analysis after preconcentration with
evaporation of water samples into a known volume, they were
comparatively analyzed by means of calibration curve and
standard addition curve methods in order to control its accu-
racy and precision.
3. Results and discussion
Gallamine blue, a cationic oxazin group dye, which is known
as phenoxazin-5-ium,1-(aminocarbonyl)-7-(dimethylamino)-3,
4-dihydroxy-, chloride (1:1), has the following structural for-
mula in Scheme 1 and it shows an absorption maximum at
537 nm. A reason of dye being used as a substrate in indicator
reaction, undergoes oxidation rapidly, selectively and quanti-
tatively on treatment with bromate ion in the presence of trace
levels of V(V) due to the participation of both redox sensitive
and chelating agent functional groups such as cyclic hetero N-/
O-atoms and dihydroxy groups as well as chromophore and
auxochrome groups.
The studies indicate that the oxidation rate of GB+ by bro-
mate is rather slow, in the absence of vanadium(V), whereas
the indicator reaction is rather fast in the presence of vana-
dium(V) at trace levels. The absorption spectra for different
vanadium concentrations were shown in Fig. 1.
3.1. Effect of pH
The pH effect on the catalyzed and uncatalyzed reaction rate
for determination of V(V) at level of 25 lg L1 was investi-
gated in the range of 1.0–2.6 while the other variables are kept
constant. As it can be seen in Fig. 2, pH 2.0 was found as anScheme 1 The open molecular structure of Gallamine blue
(GB+).optimal value. The relation between analytical signal and pH
for the net catalytic reaction was shown in Fig. 2.
Moreover, the effect of buffer concentration on analytical
signal was also studied in the range of 0.03–0.170 M. It was
found that the highest concentration was 0.11 M as a concen-
tration giving a maximum signal. The effect of the buffer con-
centration on the analytical signal was also shown in Fig. 3.
3.2. Effect of reagent’s concentration
Effect of indicator concentration has been examined by
changing the concentration of indicator (GB+) in the range
Buffer concentration. M
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Figure 3 Effect of buffer concentration on analytical signal
under the optimized conditions: pH 2.0, 1.0 mL of 6.39  104 M
GB+, 1.0 mL of 0.1 M KBrO3 and 25 lg L
1 V(V) for ﬁxed-time
of 3 min at room temperature and 537 nm.
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Figure 5 Effect of bromate concentration on analytical signal
under the optimized conditions: 2 mL of pH 2.0 buffer solution,
1.0 mL of 6.39  104 M GB+ and 25 lg L1 V(V) for ﬁxed-time
of 3 min at room temperature and 537 nm.
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The results were shown in Fig. 4. A concentration of
6.39  105 M was chosen as the optimum concentration to
give a maximum sensitivity.
The effect of bromate concentration on the net catalyzed-
reaction rate has been examined by increasing in the range
of 0.002–0.018 M while other variables are held constant.
The results were shown in Fig. 5. A bromate concentration
of 0.01 M giving maximum sensitivity was chosen as optimum
concentration.
3.3. Effect of temperature, time and ionic strength of
environment
The effect of temperature on the rate of catalyzed and uncat-
alyzed reaction was examined in the range of 5–50 C with the
intervals of 5 C while the other variables are held constant.Concentration of GB+, x10-5 M
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Figure 4 Effect of GB+ concentration on analytical signal under
the optimized conditions: 2 mL of pH 2.0 buffer solution, 1.0 mL
of 0.1 M KBrO3 and 25 lg L
1 V(V) for ﬁxed-time of 3 min at
room temperature and 537 nm.The results were shown in Fig. 6. A value of 30 C was selected
as optimum temperature. Results showed that the reaction rate
increases with temperature rising up 30 C. The cause of this
case is the fact that the speed of catalyzed-reaction is progressing
faster than the speed of uncatalyzed-reaction. After this temper-
ature, the analytical signal decreases slowly because of decom-
position of the dye. Therefore, a reaction temperature of
30 Cwas considered as an optimal value to keep analytical sen-
sitivity stable.
Optimized time was found by measuring the absorbance
and its variations changing during 0.5–7 min after the initia-
tion of catalyzed- and uncatalyzed-reactions. The reaction rate
for V(V)-catalyzed reaction increases up to 3 min. At higher
times, the rates as a measure of sensitivity are almost constant
while the uncatalyzed-reaction continues up to 5 min with a
low slope. So, a ﬁxed time of 3 min as the optimum reaction
time was adopted in the proposed procedure in order to pro-
vide a high sensitivity and low reagent blank.Temperature. °C
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Figure 6 Effect of temperature on the net reaction rate under the
optimized conditions: 2 mL of pH 2.0 buffer solution, 1.0 mL of
6.39  104 M GB+, 1.0 mL of 0.1 M KBrO3 and 25 lg L1 V(V)
for ﬁxed-time of 3 min at 537 nm.
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strength of environment onto the analytical sensitivity, D
(DA) was examined in the concentration range of 0.005–
0.35 M KNO3. It was observed that the reaction rate changed
very little with increasing concentration approximately up to
0.075 M, after this concentration exhibited a negative change
with increasing inclination. This case predicated that the
catalyzed-indicator reaction would give accurate analytical sig-
nals for catalyst in real samples with a low matrix such as envi-
ronmental surface waters. It can be expressed that inert salt
effect should be checked at matrix systems with the high salt
content such as sea water and wastewaters. Standard addition
method can be suggested for analyzing inorganic vanadium in
real water samples having a high salt content.
3.4. Analytical parameters
The calibration graph was obtained under the selected opti-
mum conditions. Analytical signal was obtained to follow
the change in absorbance immediately after the start of the
indicator of reaction by ﬁxed-time method at kmax: 537 nm.
Under optimized conditions: [GB+]: 6.39  105 M, [BrO3 ]:
5.0  104 M, 0.11 M of pH: 2.0 phosphate buffer at 30 C,
the following regression equation was obtained in the linear
range of 1–100 lg L1 V(V).
DðDAÞ ¼ 0:0173þ 8:51 103CVðVÞ
ðwith a correlation coefficient of 0:9938; n : 12Þ
Here, CV(V) symbolizes vanadium concentration, (V(V))
lg L1 used as catalyst. D(DA) is the difference between sam-Table 1 The accuracy and precision of the kinetic method
based on catalytic effect of vanadium(V).
Added V(V)
(lg L1)
Found V(V)
(lg L1)
RSDs%
(n: 5)
RE%
(n: 5)
4 4.1 ± 0.09 2.2 +2.5
16 16.4 ± 0.26 1.6 +2.5
40 40.2 ± 0.60 1.5 +0.5
80 80.4 ± 1.05 1.3 +0.5
Table 2 The effect of some interfering species on the catalytic spect
conditions.
Interfering species
K+, Na+, NHþ4 , Mg(II), Sr(II), Ba(II), Ca(II), Cd(II), Ni(II)
F, Cl, CN, EDTA, CH3COO
-, ClO3 , H2O2, SO
2
4 ; SO
2
3 ;ClO

4 ;NO

3
Phthalate, oxalate, tartrate, urea
Mo(VI), W(VI), Al(III)a, Ni(II)b, Zn(II)b, Fe(III)a, Mn(II)b
Cr(III)b, Br, Ag(I)
I, Hg(II)b, Bi(III)b, Cd(II)b, Citrate
Cr(III)b, Al(III), Mn(VII)d, V(IV), Ce(III), Pb(II)
Ce(IV)
Fe(II)c and Cr(VI)c
dNO2
Ascorbic acid
a Tolerance ratios observed when 1.0 mL of 1.0% (w/v) NaF solution
b Tolerance ratios observed when 1.0 mL of 0.1% (w/v) EDTA solutio
c Tolerance ratios observed when 1.0 mL of 1 mg L1 urea solution is
d Tolerance ratios observed when 1.0 mL of 0.05 M H2O2 solution is aple and blank analytical signals with and without V(V) as cat-
alyst. The limits of detection and quantiﬁcation of the
developed kinetic method, LOD and LOQ were found to be
0.31 and 0.94 lg L1, which were obtained by dividing the
slope of calibration curve with 3.3 and 10 multiples of standard
deviation (SDblank: 0.0008) of 12 replicate measurements for
blank solution without catalyst. Table 1 shows the accuracy
and precision of the developed kinetic–catalytic method under
optimum experimental conditions.
3.5. Interference study
The effect of anionic and cationic interfering species on indica-
tor reaction was investigated in detail. An absorbance value
giving a signal deviation of ±5.0% from analytical signal
expect for vanadium, as a criterion for interference study is
taken into account as net analytical signal, D(DA). Under opti-
mal conditions the interference effects on the catalytic determi-
nation of 50 lg L1 V(V) were studied. The results are shown
Table 2 in detail.
3.6. Analytical applications
3.6.1. Determination of V(V) as catalytic active species in
artificially prepared matrices
Several artiﬁcial samples containing V(V) as catalytic species
and interfering ions at known concentrations were determined
by the proposed kinetic method. The analysis results were also
given in Table 3 in detail. Especially the reason for using citrate
in mixtures is to include it in the analytical system as a matrix
component, and to suppress the effect of interfering metal
cations through complex formation and balance their effects
on recovery of V(V). From results, it could be concluded that
citric acid stabilized the catalytic effect of the components pre-
sent in matrix system and protected analytical signal in the pres-
ence of certain interferences (see Tables 4 and 5).
3.6.2. Effect of V(V)/V(IV) ratio
It is accepted that V(V) prevails in contact with atmospheric
oxygen and V(IV) might be present in reducing environments,rophotometric determination of 50 lg L1 V(V) under optimum
Tolerance limits ([Interfering species]/[V(V)])
3500–5000
;HPO24 1000–2000
750–1000
500–750
300–350
200–300
35–50
20
5
2.5
1.25
is added to solution environment.
n is added to solution environment.
added to solution environment.
dded to solution environment.
Table 3 Determination of vanadium(V) in artiﬁcially prepared mixtures by using the developed kinetic spectrophotometric method.
Samples Composition of mixture (lg L1) Vanadium, V(V) (lg L1)
Added Founda Recovery ± SDb (%)
1 V(V) 50 49 98.0 ± 0.2
80 80 100.0 ± 0.1
2 V(V) + Zn (250) + Cd (250) + Ca (250) + Citrate (1000) 50 51 102.0 ± 0.3
80 82 102.5 ± 0.4
3 V(V) + Zn (250) + Cd (250) + Ca (250) + Citrate (1000)
+Mn (250)  NO3 (500)
50 52 104.0 ± 0.5
80 83 103.8 ± 0.4
4 V(V) + Zn (250) + Cd (250) + Ca (250) + Citrate (1000)
+Mn (250) + NO3 (500) + NH
þ
4 (250) + Cr (250))
50 52 104.0 ± 0.7
80 84 105.0 ± 0.5
5 V(V) + Zn (250) + Cd (250) + Ca (250) + Citrate (1000)
+Mn (250) + NO3 (500) + NH
þ
4 (1000)
50 53 106.0 ± 1.1
80 85 106.3 ± 1.2
a The average values of three repeated analysis for each sample mixture.
b The average results and recoveries of three repeated analysis found by means of calibration curve.
Table 4 Recovery values of V(V) and total vanadium determined at different concentration ratios of V(V) and V(IV) as well as the
calculated V(IV) concentrations (n: 3).
V(V)/V(IV)
ratio
V(V) Total V V(IV)
Added (lg L1) *Found (lg L1) **RSD% Recovery% Found (lg L1) RSD% Recovery% Calculated (lg L1)
0.5 10 9.7 ± 0.15 1.55 97.0 29.2 ± 0.34 1.16 97.3 19.5
1 20 19.7 ± 0.28 1.42 98.5 39.1 ± 0.61 2.22 97.8 19.4
5 40 40.3 ± 0.65 1.61 100.8 48.6 ± 0.71 1.46 101.3 8.3
10 50 49.2 ± 0.80 1.63 98.4 54.4 ± 0.87 1.60 98.9 5.2
15 75 74.8 ± 1.24 1.66 99.7 80.05 ± 1.35 1.69 100.1 5.3
* The mean value and its standard deviation of three replicate measurements.
** The relative standard deviation of three replicate measurements.
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of natural organic matters affect the distribution of vanadium
between these two oxidation states. It is expressed that V(IV)
is also stable in the presence of oxygen at low pH (<2.4), this
oxidation state changes above this pH. So, control of the valence
of vanadium in aqueous solutions is a major problem (Abbasse
et al., 2002a,b). To oxidize V(IV) toV(V) in binarymixtures pre-
pared synthetically, permanganate was initially studied in acidic
medium. In order to provide a complete reduction and prevent
back-reduction of V(V) to V(IV) in acidic media, a slightly more
oxidizing reagent was preferentially used. In order to suppress
the possible interfering effect of excess permanganate, 3–4 drops
of freshly prepared sodium azide solution (2.5% w/v NaN3)
were added and gently heated with a further addition of 2–3-
mL of water if necessary for 5 min to drive off the azide, cooled
to room temperature. With this aim, prior optimization studies
were conducted for binary mixtures. Under the optimized
reagent conditions at 537 nm, ﬁrstly by keeping constant the
other variables the effect of acidity on oxidation of V(IV) to V
(V) was studied by using H3PO4 or H2SO4 in the pH range of
1.0–3.0, and a maximum sensitivity was obtained near to pH
2.0. Secondly, the effect of oxidant on the sensitivity as a mea-
sure of completeness of oxidizing procedure was studied in the
range of 0.2–3.0 mL at ﬁxed concentration of 1.0% (w/v)
KMnO4 solution, and a volume of 2.0 mL was found to be suf-
ﬁcient as optimum value for further studies. In order to study
the effect of V(V)/V(IV) ratio, the binary mixtures prepared at
different V(IV)/V(V) concentration ratios after oxidizing withpermanganate at acidic media were analyzed by the present
kinetic method, and the results obtained are given in Table 4.
As could be seen, two species of vanadium are completely sepa-
rated and recovered quantitatively with V(V)/V(IV) ratio vary-
ing from 0.5 to 15.
3.6.3. Speciative determination of total V and dissolved
inorganic vanadium species in environmental water samples
The proposed method was applied to the determination of
vanadium present in tap water, lake water, rain water and
stream water samples in order to evaluate its analytical appli-
cability. The inorganic V(IV) and V(V) contents of samples
were detected with ﬁxed-time method of 3.0 min in phosphate
buffer media, pH 2.0 at 537 nm, and determined by using cal-
ibration curve and standard addition curve methods in order
to control its systematic method error when necessary. Also,
in order to control the accuracy of the kinetic method, an inde-
pendent analytical method such as FAAS was used and their
total vanadium contents were determined by the analysis of
standard vanadium solutions spiked to the water samples after
oxidation and evaporation of samples of 2–2.5 L to a volume
of 10–15 mL with alkaline NaHCO3–H2O2 mixture at known
concentrations, respectively. The calibration curve obtained
by means of FAAS was highly linear in the range of 1–
50 mg L1 with the detection and quantiﬁcation limits of 0.4
and 1.4 mg L1. The regression equation was Abs: 0.0126 [V
(V), mg L1]–0.0020 with a correlation coefﬁcient of 0.9998
(n: 5). 0.1% (w/v) KCl solution was added to restrain possible
Table 5 Determination and speciation of total V and dissolved inorganic vanadium species, V(IV), V(V) present in the environmental water samples.
Sample(s) Added
V(V)
(lg L1)
Found
V(V)
(lg L1)
RSD%
(n: 5)
Recovery% Total V,V(V) + V(IV)
(lg L1)
RSD%
(n: 5)
Added
V(IV)
(lg L1)
Found
V(IV)
(lg L1)
Recovery% Total V
found by
FAAS (lg L1)
RSD% **The
calculated
Student’s
t- and
F-values
Tap watera – 5.84 ± 0.14 2.40 – 7.16 ± 0.16 2.23 – 1.32 – 7.21 ± 0.12 1.66 0.395, 1.78
10 16.05 ± 0.45 2.80 102.1 57.21 ± 0.85 1.49 40 41.16 103.0
40 46.15 ± 0.54 1.17 100.8 56.08 ± 0.82 1.46 10 9.93 99.3
Rain waterb – 5.89 ± 0.13 2.21 – 8.93 ± 0.24 3.8 – 3.04 – 9.05 ± 0.25 3.5 0.548, 1.09
15 21.12 ± 0.48 2.27 101.5 59.07 ± 0.84 1.42 35 34.91 99.7
35 40.94 ± 0.56 1.34 100.1 59.12 ± 0.85 1.44 15 15.14 100.9
Lake waterc – 13.88 ± 0.42 3.03 – 19.58 ± 0.46 2.35 – 5.70 – 19.45 ± 0.49 2.52 0.306, 1.14
15 28.91 ± 0.52 1.80 100.1 69.65 ± 0.90 1.16 35 35.04 100.1
35 48.92 ± 0.56 1.14 100.0 69.70 ± 0.92 1.17 15 15.08 100.5
Stream waterd – 24.12 ± 0.50 2.07 38.44 ± 0.53 1.38 – 14.32 – 38.48 ± 0.55 1.43 0.083, 1.08
15 39.18 ± 0.54 1.38 100.4 88.46 ± 1.48 1.67 35 34.96 99.9
35 59.15 ± 0.90 1.52 100.1 88.48 ± 1.46 1.65 15 15.01 100.1
CRM TMDA-53.3* – 70.20 ± 2.35 3.35 – 68.90 ± 2.25 3.27 0.208, 3.75
(0.615, 4.09)***
10 80.15 ± 2.45 3.06 99.5 100.39 ± 2.75 2.74 20 20.24 101.2 –
20 90.35 ± 2.60 2.88 100.8 100.60 ± 2.78 2.76 10 10.25 102.5 –
a Collected at University of Cumhuriyet.
b Rain water was collected at a sampling site, situated in the Sivas city center in May 2011.
c Surface lake water was collected from Haﬁk Lake, Sivas, Turkey (pH: 7.6).
d Stream water, which is also known as Acı su by humans living in that environment, was collected from _Imranlı, Sivas, Turkey (pH: 7.4).
* Standard reference material, CRM TMDA-53.3 (a trace element fortiﬁed calibration standard Trace element in Natural Water). The certiﬁed value of vanadium is 70.875 ± 4.55 lg L1.
** The tabulated values of Student’s t- and F-tests at probability level of 0.05 (n: 5) are 2.31 and 6.39, respectively.
*** Values in parenthesis are the calculated values of Student’s t-test and F-test at P: 0.05 for the results obtained by analysis of FAAS.
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S20 R. Gu¨rkan et al.ionization at low concentrations if necessary. The conﬁdence
limits of the both methods at the conﬁdence level of 95% (n:
5) are very clearly seen to be compatible in Table 6. Also, in
order to test the validation of the present method a certiﬁed
water sample, CRM TMDA-53.3 was analyzed by using both
the kinetic method and standard AAS method. To examine the
quantitative recovery of vanadium, the known amounts of
standard V(IV) solution were added to the certiﬁed sample
solution. The reliability of the kinetic method to analyze certi-
ﬁed water sample was checked and veriﬁed by both recovery
experiments, and comparing the results obtained with indepen-
dent FAAS method. The results with recoveries changing in
range of 99.3–103.0% with relative standard deviations of
1.16–3.8% and 1.43–3.5% for kinetic and FAAS methods,
respectively are shown to be quantitative in Table. 6, indicat-
ing the high accuracy and precision of the method especially
in higher concentrations than its detection limit. In the Stu-
dent’s t- and F-tests, no signiﬁcant difference was not found
between the calculated and theoretical values of both the pro-
posed kinetic and the FAAS methods at 95% conﬁdence level
(n: 5). This indicated the similarities between the precision and
accuracy of the present method and the reference method for
the determination of vanadium in environmental water sam-
ples. As a result, it was observed that the mean values were
quantitatively in good agreement with the certiﬁed value.
4. Conclusions
The catalytic kinetic method developed for speciative vanadium
determination in environmental water samples is inexpensive
and readily available and allows rapid determination at low
operating costs and shows simplicity, adequate selectivity, low
limit of detection and very good precision and accuracy, in rela-
tion to the other kinetic procedures. The validation of the
method was achieved by determination of vanadium present
in the certiﬁed water sample, CRM TMDA-53.3 by using the
present kinetic and independent FAASmethods, and the results
obtained by using both methods statistically showed a good
agreement with its certiﬁed value in view of accuracy and preci-
sion. The kineticmethod has awide linear range of 100-foldwith
limits of detection and quantiﬁcation of 0.31 and 0.94 lg L1.
Compared with the other catalytic kinetic methods given in
Table 6, the proposed kinetic method shows many advantages
such as shorter analysis time, low operational temperature,
good reproducibility and low detection limit (Safavi et al.,
2000; Absalan and Alipour, 2003; Ensaﬁ et al., 1999; Balaji
et al., 1998; Sikalos et al., 2000; Abbaspour et al., 2007;
Ulusoy and Gu¨rkan, 2009; Gu¨rkan and Gu¨rkan, 2011). More-
over, it can easily be adapted for a ﬂow injection system analysis
to improve the ﬁgures of merit for fast/in situ monitorization of
inorganic vanadium species present in environmental waters.
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